Background-This study aimed to investigate the distribution of conventional Doppler measurements, pulsed wave tissue Doppler imaging (pwTDI)-and color tissue Doppler imaging-derived velocities, by age and sex in a healthy population. Methods and Results-Longitudinal tissue Doppler velocities were determined in 1266 healthy individuals from standard apical 4-and 2-chamber views. By the pwTDI method, meanϮSD systolic mitral annular velocities were 8.2Ϯ1.3 cm/s in women and 8.6Ϯ1.4 cm/s in men, and by color tissue Doppler, they were 6.6Ϯ1.1 cm/s in women and 6.9Ϯ1.3 cm/s in men. With pwTDI, diastolic early mitral annular velocities were 11.8Ϯ3.2 cm/s in women and 10.8Ϯ3.0 cm/s in men, with corresponding ratios between mitral early flow velocity and early diastolic tissue velocity of 6.7Ϯ0.8 in women and 6.4Ϯ0.8 in men. By pwTDI, tricuspid annular systolic and early diastolic velocities were 12.5Ϯ1.9 and 13.3Ϯ3.0, respectively, in women and 12.8Ϯ2.2 and 12.5Ϯ3.3, respectively, in men. There was a significant decrease in left and right ventricular function with increasing age.
conducted from 2006 to 2008. A total of 94 194 people were invited, and 50 839 (54%) participated. Within the third wave, we conducted an echocardiography study among a random sample of participants in predetermined communities in the county. 12 The participants had to be free from known cardiovascular disease, diabetes, and hypertension. They then were selected by random sampling. Exclusion criteria were arrhythmias, valvular pathology, or any kind of myocardial pathology. 12 Among the selected participants who consented, 30 were excluded later due to significant pathology that was disclosed during the echocardiographic examination. 12 Thus, this echocardiography study is based on examinations of 1266 men and women.
The study was approved by the Regional Committee for Medical Research Ethics and conducted according to the second Declaration of Helsinki. Written informed consent was obtained.
Image Acquisition
One experienced physician-echocardiographer (H.D.) conducted all examinations according to American Society of Echocardiography and European Society of Echocardiography (ASE/EAE) recommendations. 13, 14 Participants were examined in the left-lateral decubitus position with a Vivid 7 scanner version BT06 using a phased-array transducer (M3S and M4S). The echo-Doppler examination included parasternal long-and short-axis views and 3 standard apical views. For each view, at least 3 consecutive cardiac cycles were recorded during quiet respiration. From the 3 apical planes, separate grayscale and cTDIs were recorded. Color tissue Doppler mode was recorded at a mean frame rate of 100 seconds Ϫ1 with underlying gray-scale images at a mean frame rate of 25 seconds Ϫ1 . Separate gray-scale recordings were optimized for evaluation of the LV at a mean frame rate of 44 seconds Ϫ1 . Color tissue Doppler recordings were performed to exclude valvular insufficiencies. Echocardiographic data were stored digitally and subsequently analyzed.
Blood flow Doppler recordings were done as described in the ASE/EAE recommendations. 15 The pwTDI mitral annular velocities were acquired from the base of the inferoseptal, anterolateral, inferior, and anterior walls. Tricuspid annular velocity was obtained from the RV free wall in the 4-chamber view after alignment to the direction of the ultrasound beam. Sample volume was positioned within 1 cm of insertion sites of the valve leaflets and adjusted to cover the longitudinal excursion of the mitral and tricuspid annulus in both systole and diastole. All measurements reflected the average of 3 cardiac cycles during quiet respiration. 14
Analysis of Conventional Echocardiography
The unique aspects of the image acquisition and analysis have been published recently. 12, 16 One experienced physician-echocardiographer (H.D.) performed all analyses according to the ASE/EAE recommendations. 13, 14 Interventricular septal and posterior wall thickness, fractional shortening, and LV internal dimension were analyzed on parasternal M-mode echocardiograms with the ultrasound beam at the tip of the mitral leaflet. Pulmonary venous Doppler recordings were analyzed for systolic and diastolic velocities, and the systole/diastole ratio was calculated. Mitral flow was analyzed for E and atrial (A) diastolic filling and deceleration time (DT) of the E wave, and the E/A ratio was calculated. Isovolumic relaxation time (IVRT) was measured from the start of the aortic valve closure signal to the start of mitral flow. LV outflow tract (LVOT) velocities were measured with tracing of the pwTDI spectrum with low gain setting.
Analyses of TDI Velocities
LV longitudinal function was assessed by myocardial velocities in the inferoseptal, anterolateral, inferior, and anterior mitral annular positions. All echocardiograms were analyzed for pwTDI-derived mitral and tricuspid annular systolic velocity (SЈ), eЈ, and late diastolic velocity (aЈ). 14 Measurements were done at the peak of the upper edge of the solid Doppler curve, 17 with scale optimized and low gain settings ( Figure 1 ).
Color tissue Doppler recordings from the standard apical 4-and 2-chamber views also were analyzed to assess mitral annular systolic velocities in all echocardiograms using customized semiautomatic software that runs on a Matlab platform. The method calculates the mean velocities of the sample volume by the same algorithm as the commercial software (EchoPAC). TDI velocity curves were extracted from regions of 5 mmϫ1 beam positioned within 1 cm of the insertion of the mitral leaflets and tracked through the cardiac cycle by tissue Doppler along the ultrasound beams and speckle tracking perpendicular to the ultrasound beams. Peak systolic velocity was set as the highest velocity obtained during the ejection phase. Peak diastolic TDI velocities were minimum negative values during early and late diastole but converted to absolute values.
Comparison of TDI Methods
The cTDI recordings also were analyzed by the EchoPAC software in a subset of 100 participants for mitral annular SЈ, eЈ, and aЈ. Circular sample volume (6 mm) was positioned as described earlier, and peak velocities were measured ( Figure 1 ). Temporal smoothing was 30 milliseconds.
Comparisons of mitral annular SЈ assessed by pwTDI and cTDI were done for the population as a whole, where cTDI was analyzed by customized software (GcMat), and in the subset of 100 participants, where cTDI was analyzed by both customized and commercial software. Thus, comparisons of diastolic velocities between pwTDI and cTDI software (both EchoPAC) were done within the subset of participants.
Data Reproducibility
Two physician-echocardiographers (H.D., A.T.) were blinded to each other's recordings and conducted separate echocardiographic acquisitions (a total of 20 echocardiograms) on 10 healthy volunteers (3 women; age range, 24 to 36 years), all with adequate echocardiographic images. Recordings were analyzed for both conventional and tissue Doppler measurements.
Data from these acquisitions were used to test interobserver variability, and the echocardiographers reanalyzed their own recordings in scrambled order after approximately 3 weeks to test intraobserver variability. Additional data on reproducibility of both conventional echocardiographic data and tissue Doppler indices have been published recently. 12, 16 Statistical Analysis Mean differences were tested by Student t test, and differences between age groups and between myocardial walls were tested by linear mixed-effects models using post hoc Bonferroni corrections. Mitral annular velocities obtained by different methods were compared and tested by linear mixed-effects models with a post hoc least significant difference method to enable detection of even smaller differences among the 3 methods. P values are reported to indicate degree of significance. Coefficients of repeatability (COR) were calculated according to the Bland-Altman method, 18 and coefficients of variation (COV) were calculated as the within-subject SD divided by the mean of the observations. Association between mitral and tricuspid annular velocities (dependent variables) and age was tested in a multivariate regression analysis with adjustment for body surface area, end-diastolic LV internal diameter, heart rate, and systolic or diastolic blood pressure. All statistical analyses were performed with SPSS for Windows versions 15.0 and 16.0. Table 1 and online-only Data Supplement table I show basic characteristics of the 1266 participants (663 women and 603 men) who were included in the analyses. Additional basic characteristics have been published recently. 12 MeanϮSD age was 47.8Ϯ13.6 years among women and 50.6Ϯ13.7 years among men ( Figure 2 ). Study participants were divided according to age group (Ͻ40, 40 to 59, and Ն60 years) and sex ( Table  2 ). Women in the middle age group (40 to 59 years) were slightly older than the men (mean difference, 1.0 year; Pϭ0.03), but age did not differ by sex in the 2 other groups.
Results

Study Population
Image Acquisition
A total of 1266 echocardiograms were analyzed for conventional Doppler and TDI measurements. The feasibility of all displayed measurements was at least 96% (Tables 2 and 3) . Table 2 shows Doppler flow indices. Differences were highly significant between the youngest and oldest age groups for all displayed parameters and in both sexes (all PՅ0.002, except for LVOT measurements in both sexes). The pulmonary venous systole/diastole ratio did not differ by sex, but other indices showed consistently higher velocities in women (LVOT peak velocity and pulmonary diastolic velocity, PϽ0.05; others, PϽ0.001).
Doppler Flow
Mitral Annular Velocities
Mitral annular velocities were normally distributed ( Figure 3 ), and Table 3 shows mean mitral annular SЈ, eЈ, and aЈ by pwTDI and SЈ by cTDI. All parameters differed by sex and age (all PϽ0.001), with a consistent decrease in SЈ and eЈ by age and increase in aЈ by age. In multivariate regression analysis, age was a significant predictor of both mitral and tricuspid annular velocities after adjusting for body surface area, end-diastolic LV internal diameter, heart rate, and systolic or diastolic blood pressure. SЈ and aЈ were higher in men than in women (PϽ0.001), and eЈ was higher in women. Supplemental figure I shows 95% CIs of SЈ and eЈ by age. Table 4 shows SЈ, eЈ, and aЈ overall and by each wall. SЈ values were highest in the anterolateral and inferior wall, and eЈ was highest in the anterolateral wall. SЈ and eЈ were lowest in the inferoseptal annular site. The age and sex dependency of systolic and diastolic mitral annular velocities was consistent for all walls (all PϽ0.001), and SЈ and eЈ correlated in both the LV (rϭ0.58; PϽ0.001) and the RV (rϭ0.52; PϽ0.001). Data are presented as meanϮSD, unless otherwise indicated. There was a significant difference between sexes for all displayed parameters with PϽ0.001, except for ejection fraction (Pϭ0.04) and fractional shortening (nonsignificant).
Figure 2.
Age and sex of the study participants. Red columns refer to women and blue to men. Table 5 shows that the E/eЈ ratio increased by age overall and for each myocardial wall (all PϽ0.001). Averaging the E/eЈ ratio from the inferoseptal and anterolateral wall, or from all 4 walls, gave similar results. However, as eЈ differed between walls, the E/eЈ ratio was significantly lower if eЈ was measured in the anterolateral wall only and significantly higher when measured in the inferoseptal wall only (both PϽ0.001). Overall, the E/eЈ ratio based on pwTDI measurements was 6.7 in women and 6.4 in men (PϽ0.001). E/eЈ ratios increased with age (Ͻ40, 40 to 59, and Ն60 years) in both sexes (all PϽ0.001); the respective ratios (SD) among age groups were 5.6 (1.3), 6.8 (1.8), and 8.7 (2.8) in women and 5.5 (1.5), 6.2 (1.6), and 7.7 (2.3) in men. The differences by age were significant for each wall (all PϽ0.001).
Tricuspid Annular Velocities
Data were normally distributed, and Table 3 shows mean tricuspid SЈ, eЈ, and aЈ as assessed by pwTDI. In relation to LV, SЈ and eЈ decreased by age, and there was an increase by age in aЈ (all PՅ0.03). Mean tricuspid annular SЈ values were higher in men than in women, and eЈ values were higher in women (both PՅ0.003). However, there was no sex difference for aЈ. The sex differences for RV velocities were not consistent across age groups. Supplemental figure II shows the 95% CIs of SЈ and eЈ by age. For all pwTDI indices, the velocities were higher in the RV free wall than in the mitral annulus, and these differences were consistent across age groups (all PϽ0.001). Table 6 shows that the cTDI methods (EchoPAC and GcMat) measured lower mitral annular velocities than the pwTDI for all myocardial walls (all PϽ0.001), but there were no differences between the 2 cTDI methods (Pϭ0.17). However, there were slight differences between the 2 cTDI methods when data were analyzed per wall (PՅ0.08). Data are presented as meanϮSD for Doppler flow velocities from 1266 healthy individuals by sex and age, unless otherwise indicated. Level of significance specified in the Doppler Flow subsection of the Results section. Pulm D indicates peak diastolic pulmonary velocity; Pulm S, peak systolic pulmonary velocity; Vmax, peak velocity; VTI, velocity time integral. Data are presented as meanϮSD tissue Doppler velocities from 1266 healthy individuals for the stratified age groups, unless otherwise indicated. Level of significance is specified in the Mitral Annular Velocities and Tricuspid Annular Velocities subsections of the Results section. Table 5 (2 right columns) shows the influence of the TDI method on the E/eЈ ratio, with a higher estimate (mean difference, 2.2; PϽ0.001) by cTDI than by pwTDI. These differences were consistent across the 4 LV walls (all PϽ0.001). Measuring mean mitral annular velocities by averaging the inferoseptal and anterolateral wall and by averaging velocities for the 4 myocardial walls yielded similar results both in the population as a whole and in the subset of 100 study participants. The correlation between pwTDI and cTDI was high in our data (rϭ0.85; PϽ0.001).
Comparison of Methods
Data Reproducibility
Interobserver COV for the Doppler flow measurements ranged from 6% to 14% when analyzed on separate echocardiograms, and intraobserver variability ranged from 1% to 4%. Late mitral inflow, DT, IVRT, and pulmonary vein systole and diastole showed the highest variability. Interobserver COV was 6% for mitral SЈ, eЈ, and aЈ averaged for the 4 walls and 6% to 13% for each wall separately. The intraobserver COV was 2% and 2% to 4%, respectively. Inter-and intraobserver COV for tricuspid annular velocities were similar to the single-wall measurements presented for LV.
Interobserver COR for mitral annular SЈ, eЈ, and aЈ was 1.7, 3.4, and 2.1 cm/s, respectively. The tricuspid annulus interobserver COR for SЈ, eЈ, and aЈ was 4.2, 5.0, and 2.2 cm/s, respectively. The pwTDI and the cTDI method had similar reproducibility. The complete data and graphs of the reproducibility study have been published recently. 12, 16 
Discussion
In this population-based study of 1266 randomly selected men and women without cardiovascular disease, hypertension, and diabetes, we have described and compared the distribution of conventional and TDI measurements by age and sex. Apart from the wide applicability as reference values, the results show a clear age-related reduction in cardiac performance measured by pwTDI, cTDI, and conventional Doppler.
A conventional definition of normal values in a healthy population is to use 2 SD of the mean (corresponding to approximately 95% of the population). Based on our results for pwTDI SЈ, the normal range would be 5. 
Doppler Indices in the Study Population
The distribution of blood flow and tissue Doppler indices followed a normal distribution, and tissue Doppler indices gave significantly higher values in the RV than in the mitral annulus. The results showed a decrease in cardiac function by increasing age as measured by both blood flow and tissue Doppler in both sexes. There was a general decrease in annular SЈ and eЈ and a consistent increase in aЈ. These findings apply to both ventricles. The reduction in atrioven-tricular annular velocities by increasing age was most evident in eЈ. It might be suggested that eЈ values are more closely related to maximal cardiac function than the systolic resting velocities, 19, 20 and it is possible that stress testing would have given more consistent results between the different indices. The difference by sex was less clear in tricuspid annular velocities compared to mitral annular velocities. Heart rate was significantly higher in women, and this might have influenced the results. However, the difference by sex remained significant after adjustment for size, heart rate, and blood pressure in multivariate regression analysis. The lower number of subjects within the oldest age group might also contribute to a less-pronounced sex difference in tricuspid annular velocities in that age group.
Previous studies of RV systolic function have not shown a consistent reduction with age, but these studies were not powered to detect small differences. 8, 9, 21, 22 A recent publication showed a significant decrease of RV systolic function as assessed by pwTDI by age. 23 To our knowledge, sex-and age-dependent data on tricuspid annular velocities in a large population have not been reported previously. The agedependent decrease in LV systolic and diastolic function was highly significant across all myocardial walls, using both TDI methods. Previous studies also have suggested that diastolic flow indices depend on age. 10,22,24 -26 In the Tromsø Heart Study, one of the largest population-based echocardiography studies, mitral inflow velocities and IVRT were similar to the findings of the present study, but DT differed slightly between the studies. 25, 26 The cTDI values were in line with those of others, 6,7,22,27 but the pwTDI-assessed mitral annular velocities were lower than those reported from other smaller studies. 8, 14, 28 However, diastolic pwTDI indices were in line with those reported previously in 80 healthy individuals. 10 Systolic and late diastolic TDI values were lower in women (except for aЈ in RV), but early diastolic values were lower in men than in women, both in the LV and in the RV. Similar results have been reported for LV, 7 but data for RV are scarce. 22 Gain settings and localization of the measurement in the Doppler spectrum are the most crucial points regarding pwTDI analysis. Further, misalignment of the ultrasound beam will cause underestimation of the tissue velocity. In earlier studies, gain settings and localization in the Doppler spectrum used for measurement were rarely completely specified. 8, 14 We used low gain settings and measured at the outer edge of the solid spectrum. 17 Different gain settings may be one reason why other pwTDI studies have reported higher mitral annular velocities than we have in the present study. 8, 28, 29 In accordance with previous findings, the results differed between LV walls. 14, 22 It has earlier been hypothesized that orientation of myocardial fibers are most longitudinal in the lateral and inferior wall, and this explains the finding of highest myocardial velocities in these regions. 22 However, wall stress and fibroelastic properties also might be relevant. These 2 walls are not that affected by RV and septal function, which also might play a role. Accordingly, the E/eЈ ratio depended on the site of the mitral annulus where eЈ was measured. Thus, single-wall measurements should be related to wall-specific normal values. However, because the septal and lateral wall gave the same mean as the average of the 4 walls, normal values may be interchangeable. In other studies, only overall mitral annular velocities have been reported. 6, 7 In a study by Kuznetsova et al, 6 it was noted that eЈ was highest in the anterolateral wall, but data were not shown. In our study, LV eЈ values were highest in the anterolateral site and lowest in the inferoseptal site. Thus, the estimated E/eЈ ratio was highest when eЈ was assessed from the inferoseptal site and lowest when eЈ was assessed from the anterolateral site.
The results of averaging mitral annular velocities obtained from the 4 myocardial walls did not differ from the average of using velocities measured at the inferoseptal and anterolateral sites. This finding was consistent for both the systolic and the diastolic indices as well as for the E/eЈ ratio estimates. In the evaluation of diastolic LV function, the ASE/EAE recommended averaging the indices from at least the inferoseptal and anterolateral sites. 14 Using 2 sites is attractive because of feasibility and time efficiency, but averaging indices from 4 instead of 2 walls will increase test-retest reproducibility.
The pwTDI velocities and E/eЈ ratio have been validated against cardiac catheterization, resulting in the recommended E/eЈ ratio limits of Յ8 for normal LV filling pressures and Ն15 for elevated LV filling pressures. 4, 30, 31 The validation studies were small, and the use of the E/eЈ ratio alone as an index of filling pressure may not be appropriate in healthy individuals. 14, 32 In our study, a substantial proportion had an E/eЈ ratio above the lower limit of 8 but did not fulfill other echocardiographic criteria of diastolic dysfunction, 14, 32 suggesting that 8 may not be a useful limit in this setting. The E/eЈ ratio also is age dependent, and in women, reference limits based on the definitions presented earlier would give a normal range of 3.1 to 8.1 in the youngest age group, 3.2 to 10.3 in the middle age group, and 3.2 to 14.3 in the oldest age group in the present study. In men, the corresponding limits would be 2.5 to 8.4, 2.9 to 9.5, and 3.1 to 12.4, respectively. This is in line with the findings of De Sutter et al. 33 Using the cTDI method would result in larger ratios, and although both E and eЈ will decrease with age, the ratio will increase, and recommended normal ranges, therefore, need to be stratified by age.
In our data, SDs were only modestly reduced when averaging TDI measurements of all 4 walls compared to using TDI wall by wall. In the reproducibility study, the COV was 6% to 13% for single walls and 6% for the average of 4 walls. In an earlier study, variability was 25% higher by single walls than for the 4-wall average. 5 The large number of study participants reduces measurement error, and most of the variability may reflect biological variability. However, in daily clinical practice, averaging will yield more-robust measurements.
Comparison of Methods
The pwTDI and cTDI methods are fundamentally different. On the basis of previous validation studies, the pwTDI method is recommended for diastolic quantification of the LV. 4, 14, 30, 34 However, recent studies of healthy individuals have used the cTDI method, which has shown good correlation against pro-brain natriuretic peptide 6 and mortality. 35, 36 Thus, cTDI may be equally valuable, and a revision of the current recommendations on LV diastolic evaluation may be appropriate. 14 Compared to pwTDI, cTDI resulted in 1.7-cm/s lower values corresponding to 20% lower systolic velocities and 2.5-cm/s lower values corresponding to 23% lower diastolic mitral annular velocities. Both methods seem feasible, but measurements should refer to the method-specific normal values.
Gain setting is crucial for spectral analysis by the pwTDI method. We minimized gain settings and measured SЈ, eЈ, and aЈ at the peak of the outer edge of the solid spectral Doppler curve, which reduces maximal velocities by 1 to 2 cm/s compared to using high gain. 29 By all Doppler methods, inappropriate alignment of the ultrasound beam will cause underestimation.
CORs for test-retest analyses ranged 1.7 to 3.4 cm/s for averaged systolic mitral annular velocities. The corresponding COR was significantly higher in single-wall analyses and Table 6 . Mitral Annular Velocities From pwTDI and cTDI in a Subset of 100 Study Participants significantly lower in similar analyses performed on the same echocardiograms. 16 Thus, all presented analyses show clinically acceptable reproducibility.
Study Limitations
The study sample was a healthy population free from known cardiovascular disease, hypertension, and diabetes, and subjects with significant echocardiographic pathology were excluded from the analyses. All participants were of white northern European descent. However, myocardial deformation by race was reported from the Multi-Ethnic Study of Atherosclerosis, and showed that race was not associated with LV performance measured by cardiac-tagged MRI. 37 
Conclusions
In this large, population-based study of healthy individuals, we present reference values for conventional Doppler indices, pwTDI and cTDI velocities of LV function and pwTDI velocities from the tricuspid annulus according to age and sex. The absolute velocities differ between Doppler methods, but results were highly correlated, and using average values from the inferoseptal and anterolateral myocardial walls will give a fair global average function. The reference values obtained from the present study suggest that recommendations of normal limits should be specified by age group and sex.
